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Abstract
Axial elongation of the myopic eye has the potential to stretch the retina, thereby reducing the sampling density of retinal neu-
rons. Resolution acuity in the peripheral ﬁeld of normal eyes is known to be sampling-limited, which suggests that retinal stretching
in the myopic eye should have a direct eﬀect on resolution acuity everywhere in the visual ﬁeld except perhaps the fovea, which is
usually optically limited. We tested this prediction that neural sampling density is reduced in myopic eyes by measuring resolution
acuity for sinusoidal gratings in the fovea plus ﬁve peripheral locations in 60 myopic subjects exhibiting a wide range of refractive
errors. Control experiments using a detection paradigm to provoke spatial aliasing veriﬁed that peripheral resolution was sampling
limited. Retinal spatial frequencies of the grating stimulus were computed assuming Knapps Law of visual optics, which ensures
that retinal image size (in mm) is independent of refractive error when axial myopia is corrected by a spectacle lens located in
the anterior focal plane of the eye. Results obtained at every retinal locus showed that resolution acuity declined linearly with mag-
nitude of refractive error. Regression of the population data indicated that approximately 15D of refractive error doubles the spac-
ing between retinal neurons, thereby halving peripheral resolution acuity relative to the emmetropic eye. Several subjects also
demonstrated sampling-limited performance in the fovea, which indicated that optical ﬁltering by the eyes optical system failed
to protect the fovea from aliasing artifacts of neural undersampling in these eyes. We conclude that stretching of the retina is a pri-
mary cause of reduced spatial resolution of the peripheral ﬁeld, and occasionally of the fovea, in myopic eyes. Stretching appears to
be locally uniform over the central ±15 of visual ﬁeld but is globally non-uniform since the foveal region appears to stretch more
than the globe itself.
 2004 Elsevier Ltd. All rights reserved.1. Introduction
Axial elongation of the vitreous chamber is the pri-
mary cause of myopia (Bullimore, Gilmartin, & Roy-
ston, 1992; Grosvenor & Scott, 1993, 1994; McBrien &
Millodot, 1987; Strang, Winn, & Bradley, 1998). Previ-
ous studies have shown that visual acuity is reduced with
increasing myopia (Applegate, 1991; Fiorentini & Maf-
fei, 1976; Strang et al., 1998; Subbaram & Bullimore,
2002) which suggests that structural changes of the myo-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: ypchui@indiana.edu (T.Y.P. Chui).pic eye have functional consequences. One hypothesis
linking structure and function in myopic eyes is that
retinal stretching caused by expansion of the posterior
pole may lead to a reduction in neural sampling density
(Bradley, Rabin, & Freeman, 1983; Strang et al., 1998).
A reduction in sampling density could limit visual per-
formance if the Nyquist frequency of the neural array
falls below the optical cutoﬀ frequency of the eyes opti-
cal system, thereby enforcing a sampling limit on re-
solution acuity (Thibos & Bradley, 1993). A second
hypothesis is that the optical quality of myopic eyes
may be worse than in emmetropic eyes (Collins, Wilds-
oet, & Atchison, 1995; Paquin, Hamam, & Simonet,
2002). Reduced image quality would be manifest as a
reduction in contrast sensitivity and a therefore a loss
Fig. 1. Eﬀect of elongation and optical correction of the eye on retinal
image size and spatial frequency. (A) An object subtending h degrees of
visual angle produces a larger retinal image in the eye with greater axial
length. (B) Correction of myopic refractive error with a spectacle lens
located in the anterior focal plane of the eye reduces the angular
subtense of the object by exactly the amount needed to compensate for
the increase in retinal image size due to axial elongation. The result,
called Knapps Law, is a ﬁxed relationship between retinal image size
(in mm) and object size (in degrees) and therefore a ﬁxed relationship
between retinal spatial frequency (in cyc/mm) and object spatial
frequency (in cyc/deg).
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would be expected. Experimental ﬁndings consistent
with this hypothesis have been reported (Applegate,
1991; Collins & Carney, 1990). Both of these hypotheses
are complicated by changes in optical magniﬁcation of
the retinal image that occur when the myopic eye is cor-
rected by a spectacle lens (Applegate & Howland, 1993;
Atchison, 1996; Bennett & Rabbetts, 1998; Strang et al.,
1998). Thus a third hypothesis is that reduced image size
of the corrected myopic eye increases the retinal spatial
frequency of stimuli, thereby lowering neural contrast
sensitivity and reducing visual performance. In this re-
port we will refer to these three hypotheses as neural
undersampling, optical ﬁltering, and spectacle magniﬁ-
cation, respectively. A previous attempt to discriminate
between these three hypotheses showed that spectacle
magniﬁcation was the main, but not the only, contribut-
ing factor (Strang et al., 1998). However, the experimen-
tal design of that study did not discriminate between
optical and neural factors responsible for that fraction
of acuity loss that could not be attributed to retinal im-
age magniﬁcation.
Prior studies of the eﬀects of myopia on visual acuity
have concentrated on foveal vision. This choice of
experimental paradigm has made it diﬃcult to examine
the neural undersampling hypothesis because the optical
bandwidth of the eye is typically lower than the Nyquist
frequency of the foveal cone mosaic (Williams, 1985;
Williams & Coletta, 1987). In eﬀect, the eyes optical sys-
tem acts as an anti-aliasing ﬁlter that prevents the for-
mation of retinal images with spatial frequencies
beyond the neural sampling limit. To the contrary, the
aliasing eﬀects of neural undersampling are easily dem-
onstrated in the peripheral visual ﬁeld because the re-
duced sampling density of peripheral retina causes the
Nyquist frequency to fall below the optical cutoﬀ (Atch-
ison, 2004; Curcio & Allen, 1990; Dacey, 1993; Thibos,
Cheney, & Walsh, 1987a; Thibos, Walsh, & Cheney,
1987b). Thus the eyes optical system fails to fully pro-
tect the peripheral retina from stimuli beyond the neural
resolution limit (Wang, Bradley, & Thibos, 1997a; Willi-
ams, Artal, Navarro, McMahon, & Brainard, 1996).
These arguments suggest that a clearer understanding
of the mechanisms that limit visual acuity in the myopic
eye might emerge from studies of peripheral vision
(Watson & Coletta, 2002). Accordingly, we aimed to test
the neural undersampling hypothesis by measuring
peripheral and foveal visual acuity of myopic subjects
for a wide range of refractive error. In this way we
sought evidence of the functional consequences of reti-
nal stretching in the myopic eye.
Distinguishing optical from neural eﬀects on acuity in
myopia requires an understanding of how correcting
lenses and axial elongation of the eye aﬀect retinal image
size. Consider ﬁrst the slightly myopic eye in Fig. 1A for
which a distant, real object is clearly focused on the ret-ina. If the same eye elongates axially, the retinal image
size will increase. This larger retinal image would, in
principle, be more resolvable in the elongated eye, but
the loss of image quality associated with optical defocus
in this uncorrected myopic eye oﬀsets the gain due to
magniﬁcation and leads to a net loss of acuity. To focus
the retinal image and regain lost acuity we can introduce
a negative spectacle lens, as shown in Fig. 1B. However,
the lens itself reduces the size of the visual stimulus in
the process of generating a virtual image that becomes
a virtual object for vision. This phenomenon is called
spectacle magniﬁcation and is quantiﬁed by the ratio
of the angular size h 0 of the virtual image to the angular
size h of the physical object. Since the corrected eye sees
the virtual object, rather than the real object, spectacle
magniﬁcation would reduce the retinal image size even
if the eye had ﬁxed length. In a myopic eye, however,
shrinking of the retinal image due to spectacle magniﬁ-
cation tends to oﬀset the enlargement of the retinal im-
age size due to axial elongation. In fact, these two
magniﬁcation factors cancel exactly if the spectacle lens
is placed in the anterior focal plane of the eye. This spe-
cial location of the correcting lens maintains a constant
retinal image size regardless of the amount of axial myo-
pia. In clinical optometry this result is known as
Knapps Law (Bennett & Rabbetts, 1998). Alternative
placement of the correcting lens in the corneal plane
(e.g. with a contact lens or corneal refractive surgery)
or inside the eye (e.g. with a phakic inter-ocular lens) up-
sets the balance between the two magniﬁcation factors
described above. The result is a larger retinal image size
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increase in visual acuity (in terms of the real object
dimensions) when compared to either spectacle correc-
tion or emmetropia (Applegate & Howland, 1993; Atch-
ison, 1996; Garcia, Gonzalez, Pascual, & Fimia, 1996).
Diﬀerences in optical magniﬁcation, and thus retinal
image size, created by diﬀering levels of axial ametropia
and diﬀerent planes of optical correction make it diﬃ-
cult to interpret clinical observations of reduced visual
acuity in high myopes. Interpretation is further compli-
cated because acuity is typically deﬁned in terms of ob-
ject size rather than retinal image size. Therefore, in
order to identify any contributions of neural changes
(e.g. retinal stretching) to the lower acuity of high myo-
pes, it is essential to describe acuity in linear dimensions
in the retinal plane. Accordingly, our experimental de-
sign took advantage of Knapps Law to maintain a con-
stant relationship between spatial frequency of the
physical object and spatial frequency of the retinal im-
age without the confounding eﬀects of magniﬁcation
changes.2. Methods
2.1. Subjects
Sixty young, healthy, Hong Kong Chinese subjects
(32 males and 28 females; age range 20–29years) were
recruited. Their spherical equivalent refractive error ran-
ged from 0.50D to 14.25D when referenced to the
spectacle plane. Below we report these refractive errors
referenced to the corneal plane, for which the range
was 0.497 to 12.17D. In order to highlight the diﬀer-
ences between high and low myopes, subjects with mod-
erate refractive errors in the range 3.5 to 6D were not
recruited. Informed consent was obtained after a full
explanation of the procedures and consequences of the
study. The study protocol was approved by the Human
Subjects Ethics Sub-Committee of The Hong Kong Pol-
ytechnic University. Only the right eye was used in this
experiment. One drop of 0.4% oxybuprocaine hydro-
chloride (Novesin, Ciba Vision) was instilled as a cor-
neal surface anesthetic to facilitate the measurement of
axial length by A-scan ultrasonography (A/B-Scan,
Mentor Advent). Two drops of 0.5% tropicamide
(Mydriacyl, Alcon) were instilled to dilate the pupil.
The pupil diameter measured under room illumination
was 7–8mm before starting of experiment. Sphero-cylin-
drical refractive errors at diﬀerent eccentricities were
measured with an autorefractor (Nvision-K5001, Shin-
Nippon) and corrected with full-aperture trial-lenses
with a vertex distance of 12mm in order to avoid optical
limitations to peripheral acuity produced by uncorrected
refractive errors (Wang, Thibos, & Bradley, 1997; Willi-
ams et al., 1996).2.2. Experimental design
The primary goal of our study was to test the hypoth-
esis that myopia causes stretching of the retina. We rea-
soned that retinal stretching should reduce the density
of retinal neurons that, in turn, will reduce resolution acu-
ity as speciﬁed in retinal dimensions. To test this hypoth-
esis, however, requires a linking hypothesis that connects
the size of visual targets in object space with their retinal
dimensions in eyes with various degrees of myopia. Our
linking hypothesis is that the progression of myopia is
due to axial elongation (Adams, 1987; Jiang &Woessner,
1996; Zadnik, 1997). If this is true, then an experimental
paradigm for psychophysical investigation of retinal
sampling follows naturally from Knapps Law, which
states that retinal image size of an object (in mm) is inde-
pendent of refractive error when axial myopia is corrected
by a spectacle lens located in the anterior focal plane of
the eye (Atchison, 1996; Bennett & Rabbetts, 1998; Keat-
ing, 1988). If the conditions of Knapps Law are satisﬁed,
then the retinal spatial frequency of gratings in cyc/mm
can be calculated from the angular spatial frequency of
the physical stimulus in cyc/deg by dividing by the retinal
magniﬁcation factor (RMF). The RMF, deﬁned as the
number of mm on the retina occupied by 1 of visual an-
gle in object space, speciﬁes the magniﬁcation of the eyes
optical system. Although the imaging system that forms
the retinal image changes when a spectacle lens is intro-
duced to correct myopia, Knapps Law says that these
changes have no eﬀect on the linear retinal dimensions
of the image provided the spectacle lens is placed in the
anterior focal plane of the eye. Therefore, the linking
hypothesis stated above allows the use of a single RMF
for computing retinal image frequencies, regardless of
the degree of ametropia. A detailed justiﬁcation of this
claim is provided in Appendix A.
Satisfying Knapps Law does not completely elimi-
nate the need for optical analysis of the corrected myo-
pic eye. One way to describe the function of a spectacle
lens is that it forms a virtual image of the physical ob-
ject. This virtual image thus becomes a virtual object
seen by the eye. For distant targets, this virtual object
is located at the far point of the myopic eye, which is
optically conjugate to the retina. Since the angular sub-
tense of the virtual object formed by a negative lens is
less than the angular subtense of the distant physical tar-
get, the angular spatial frequency of the visual stimulus
in object space increases as the magnitude of the specta-
cle lens power increases. This phenomenon, known as
spectacle magniﬁcation, impacts the optical quality of
the retinal image because the eyes optical transfer char-
acteristics depend on the angular spatial frequency of
the virtual stimulus, not the physical stimulus. Thus a
full account of the eﬀect of myopia on spatial resolution
requires a framework for assessing the optical magniﬁ-
cation and optical ﬁltering eﬀects caused by the spectacle
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sented in the Appendix A.
2.3. Apparatus and procedures
The stimulus was generated on a ﬂat computer moni-
tor controlled by custom software for Microsoft Win-
dows 2000. A circular patch of sinusoidal grating
stimulus was displayed against a gray background mon-
itor at test locations 0 (foveal), 5 and 10 in the tempo-
ral visual ﬁeld, and 5, 10, and 15 in the nasal visual
ﬁeld. The patch subtended 2 of visual angle when
viewed monocularly from a distance of 5m. Before each
experiment, a picture illustrating the possible appearance
of the grating stimulus as perceived by the subject was
shown and explained to the subject. These pictures in-
cluded examples of non-veridical perception (i.e. alias-
ing) due to neural undersampling. Subjects were
instructed to ignore cues from the margin of the stimulus
by steadily ﬁxating the center of a ﬁxation target. Cutoﬀ
frequency was determined by a staircase method with a
step size of 2cyc/deg. The spatial frequency of the grating
stimulus was increased by two steps only if two consecu-
tive correct responses were recorded, and the spatial fre-
quency of the grating stimulus was decreased by one step
after one incorrect response. A total of 12 reversal points
were recorded. The ﬁrst two reversals were treated as
adaptive trials, and were discarded. Only the remaining
10 values were used to calculate the average cutoﬀ fre-
quency and its standard deviation.
Experimental data are reported in Section 3 as cutoﬀ
spatial frequency (in cyc/deg) of the physical stimulus
displayed on the monitor. From these data we inferred
the angular spatial frequency of the virtual object
viewed by the corrected eye using Eq. (A3) of Appendix
A. We also inferred retinal spatial frequency (in cyc/mm)
using Eq. (A4) of Appendix A. This latter equation re-
quires an estimate of retinal magniﬁcation factor, which
we obtained empirically from an analysis of the co-var-
iation of axial length and degree of myopia in the test
population.
2.4. Experiment 1: Measurement of resolution acuity
Resolution acuity was measured for an orientation–
identiﬁcation task with a two-alternative forced choice
method. For this task the orientation of the grating
stimulus was randomly chosen by the computer pro-
gram to be horizontal or vertical and the subjects task
was to indicate the stimulus orientation on each trial.
All 60 subjects participated in this experiment.
2.5. Experiment 2: Measurement of detection acuity
Ten subjects from Experiment 1 were selected at ran-
dom for control Experiment 2 to determine those eccen-tricities for which resolution acuity was sampling
limited. In this experiment, detection acuity was deter-
mined using a two-interval forced choice paradigm in
which the subjects task was to identify which interval
contained the grating stimulus. The test grating was ran-
domly selected to be horizontal or vertical and the com-
parison interval contained a stimulus of zero contrast.
Resolution was judged to be sampling limited at any
given retinal eccentricity if detection acuity determined
from Experiment 2 exceeded resolution acuity deter-
mined from Experiment 1 (Thibos et al., 1987a,
1987b). A two-way analysis of variance (ANOVA) was
carried out to determine whether resolution acuity and
detection acuity vary with retinal eccentricity in the
same way. The level of statistical signiﬁcance used was
p < 0.05.
2.6. Optical model of myopia
Following Strang et al. (1998), we assumed that all
myopia is axial. To test this assumption for our study
population we used a reduced-eye model to establish a
linear relationship between refractive error and the in-
verse of axial length of the eye. We then ﬁt this linear
model to our experimental data using least-squares
regression to estimate the parameters of the reduced
eye model. Additional optical analysis of this model
then provided us with an estimate of the retinal magni-
ﬁcation factor needed for estimating the retinal spatial
frequencies of visual stimuli.
Ocular refractive error K is deﬁned as the diﬀerence
between the dioptric length L of an eye and the equiva-
lent power F of the eye,
K ¼ L F ð1Þ
where dioptric length L is deﬁned as the reduced dis-
tance between the eyes second principal plane and the
retina. For the reduced eye model, L = n 0/a where a is
the axial length and n 0 is the refractive index of the mod-
els medium. If we substitute the variables x = 1/a and
y = K into Eq. (1) the result is a linear relationship be-
tween refractive error and the inverse of axial length,
y ¼ n0x F ð2Þ
Thus a graph of y vs. x will be a straight line with
refractive index n 0 given by the slope and equivalent
power F given by the y-intercept. Because x and y are
both dependent variables, Eq. (2) was ﬁt to experimental
data by orthogonal least-squares regression (performed
using the methods of principal component analysis).
Before ﬁtting the linear equation (2) to our experi-
mental data, we veriﬁed that a reduced eye model ade-
quately describes the relationship between axial length
and refractive error computed from a more elaborate,
multi-surface model eye. Computer programs were writ-
ten to implement the 3-surface schematic eye of Bennett
Fig. 2. Relationship between ocular refractive error and the inverse of
axial length. Each ﬁlled symbol indicates measurements for one
subject. Open symbols indicate predictions of the 3-surface schematic
eye of Bennett and Rabbetts (Rabbetts, 1998). A reduced-eye model
predicts a linear relationship. Orthogonal, least-squares regression of
the linear model to the experimental data is shown by the solid line.
The dashed line is the best ﬁtting reduced-eye description of the 3-
surface schematic eye.
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which was then used to determine how ocular refractive
error varies with axial length. The results, shown by the
open symbols of Fig. 2, are closely ﬁt (R = 0.99) by a lin-
ear regression model. This result conﬁrms that a simple,
reduced eye model is suﬃcient for representing the rela-
tionship between axial length and refractive error in a
multi-surface eye model. The regression parameters of
the reduced eye ﬁt to the Bennett and Rabbetts sche-
matic eye are n 0 = 1.53 and surface power F = 63.8D,
for which the radius of curvature is 8.3mm. These values
are greater than parameters typically used in multi-sur-
face schematic eyes for two main reasons. Firstly, the
refractive index is larger because all of the refractive
power in a reduced eye must be generated by a single
surface, which requires a larger gradient of refractive in-
dex across the air/eye interface. Secondly, a reduced eye
with the same axial length as the emmetropic schematic
eye, but with a relatively large refractive index, will have
a relatively large dioptric length. Therefore the refract-
ing surface needs an equally large optical power for
the model eye to remain emmetropic.3. Results
3.1. Test of optical model of myopia
We tested the validity of our assumption that the pri-
mary source of myopia in our subjects was axial elonga-
tion by examining the co-variation of the magnitude of
refractive error and the inverse of axial length. A re-duced-eye model or a 3-surface schematic eye both pre-
dict a linear relation as described by Eq. (2) in Section 2.
An orthogonal, least-squares regression was performed
using the method of principal component analysis be-
cause x and y are both dependent variables. Our exper-
imental data, shown by ﬁlled symbols in Fig. 2, are ﬁt
reasonably well by a linear model (R = 0.86) with slope
(1.57) similar to that of the Bennett and Rabbetts sche-
matic eye with axial myopia. This result clearly rejects
the alternative hypothesis, that myopia in our popula-
tion is totally refractive in nature, because that hypoth-
esis predicts a regression with zero slope and zero
correlation. Insuﬃcient evidence was available to evalu-
ate a hybrid hypothesis that the refractive errors in our
population were primarily due to axial length changes,
with a minor role played by refractive changes. Such a
model might account for some of the between-subject
variability or outliers evident in the data.
3.2. Estimation of retinal magniﬁcation factor
Extrapolation of the regression line for our experi-
mental subjects in Fig. 2 indicates that zero refractive
error would occur for axial length = 1.57/66.6D =
23.57mm, which is interpreted as the secondary focal
length f 0 of the reduced-eye model for our experimental
population. Using Snells Law to trace ray #2 in Fig. A2
for an object subtending the angle h allows us to com-
pute the linear extent of the image as
y ¼ f 0 tanðh=n0Þ ﬃ h=F ð3Þ
where the use of a small angle approximation leads to
the conclusion that the retinal extent y is the ratio of ob-
ject angle h (in radians) to the surface power F of the re-
duced eye. Applying this result to the case of a distant
object subtending 1 of visual angle at the eyes principal
plane indicates that the linear extent of the image is
262lm. This conversion factor of 262lm per degree,
conventionally called the retinal magniﬁcation factor,
is used below to infer the spatial frequency of retinal
images in corrected myopic eyes in accordance with
Eq. (A3) of Appendix A. The retinal magniﬁcation fac-
tor is expected to be nearly constant over the central
±15 of the visual ﬁeld (Drasdo & Fowler, 1974) and
therefore we assumed that our foveal estimate of
262lm/deg applied also to the ﬁve test locations of vis-
ual stimuli used to determine visual acuity of the periph-
eral retina.
3.3. Results of Experiment 1: Variation of resolution
acuity with refractive error
Variation of resolution acuity with magnitude of fo-
veal refractive error (referenced to the corneal plane) is
shown in Fig. 3 for each of the six retinal locations
tested. The left-hand axis in each graph indicates the
Fig. 3. Results of experiment 1: variation of resolution acuity with
degree of myopia at 6 test locations. Symbols indicate results from
individual eyes and lines indicate the results of orthogonal least-
squares regression. For each graph the left-hand ordinate speciﬁes the
object spatial frequency and the right-hand ordinate speciﬁes retinal
spatial frequency. The scales of the two ordinates are directly
proportional, with their ratio equal to the retinal magniﬁcation factor.
Fig. 4. Average values of resolution acuity and detection acuity
measured in experiment 2. Dual ordinates are described in legend to
Fig. 2. Error bars indicate ±1 standard deviation of between-subject
variability (n = 10). The range of spatial frequencies lying above the
resolution data (ﬁlled symbols) and below the detection data (open
symbols) is the aliasing zone.
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object (in cyc/deg) and the right-hand axis indicates
the maximum resolvable spatial frequency on the retina
(in cyc/mm). The scales of the two ordinates in this ﬁg-
ure are directly proportional, with their ratio equal to
the retinal magniﬁcation factor (see Eq. (A4)). Each
symbol shows the mean of 10 reversals of the staircase
procedure. Although a large amount of variability is evi-
dent between subjects, especially for peripheral stimuli, a
clear trend is present in all six data sets indicating that
resolution acuity tends to be lower in subjects with lar-
ger amounts of myopia. Linear regression analysis indi-
cates that this trend accounts for approximately 25% of
the variability between subjects at each retinal locus. A
convenient way to summarize the linear regression re-
sults is to compute the parameter K2, deﬁned as the
magnitude of refractive error required to reduce retinal
resolution acuity (in cyc/mm) by the factor 2 relative
to the emmetropic eye. For the foveal data, K2 = 23D
whereas for the peripheral data, K2 ranged from
13.6D to 16.0D (average = 14.8D).3.4. Results of Experiment 2: Veriﬁcation that
resolution acuity is sampling-limited
The sampling theory of visual resolution provides a
method for computing the neural sampling frequency
of the retinal mosaic based on psychophysical measure-
ments of resolution acuity (Thibos, 1998; Thibos et al.,
1987a). To apply this theory, however, requires convinc-
ing evidence that psychophysical performance is sam-
pling-limited. We sought such evidence two ways.
First, we interviewed subjects immediately after testing
to determine whether they had experienced perceptual
aliasing, which is a subjective manifestation of neural
undersampling (Anderson & Hess, 1990; Artal, Derring-
ton, & Colombo, 1995; Coletta & Williams, 1987; Thi-
bos & Bradley, 1993; Thibos et al., 1987b; Thibos,
Still, & Bradley, 1996; Wang et al., 1997a; Wang, Brad-
ley, & Thibos, 1997b; Wang, Thibos, & Bradley, 1996;
Wang, Thibos, Lopez, Salmon, & Bradley, 1996; Willi-
ams et al., 1996). These interviews revealed that most
of our subjects recognized the appearance of aliasing
for peripheral stimuli. Surprisingly, a few reported alias-
ing also for foveal targets (see Section 4 for the implica-
tions of this result). Second, we measured detection
acuity at each retinal locus for 10 of the subjects who
participated in Experiment 1. The comparison of detec-
tion acuity and resolution acuity results for our sub-
population of 10 subjects is shown in Fig. 4 and for
individual subjects in Fig. 5.
A necessary condition for neural undersampling is
that detection acuity exceeds resolution acuity. The
average values of resolution acuity and detection acuity
for the 10 subjects of Experiment 2 are presented in Fig.
4. Cutoﬀ spatial frequency was signiﬁcantly higher for
Fig. 5. Individual comparisons of detection acuity and resolution
acuity across the visual ﬁeld for 10 subjects. Axes are same as in Fig. 4.
Symbols indicate acuity for individual eyes (mean of 10 staircase
reversals) and error bars indicate variability (± standard deviation of
10 staircase reversals).
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ANOVA, F = 743.34, df = 1, p < 0.05), and retinal
eccentricity also had a signiﬁcant eﬀect on both types
of acuity (two-way ANOVA, F = 117.90, df = 5,p < 0.05). One-way ANOVA indicated that average
detection acuity exceeded average resolution acuity at
every eccentricity tested. The gap between the limits to
detection and resolution is called the aliasing zone (Thi-
bos et al., 1987b). The rate of decline of resolution acu-
ity with eccentricity that is evident in Fig. 4 was faster
for resolution than for detection, which caused the alias-
ing zone to expand as eccentricity increased. The simi-
larity between these results and Fig. 1 of Thibos et al.
(1987b) conﬁrms that interferometric stimulators are
not required to measure the neural sampling limit of
peripheral retina (Smith & Cass, 1987; Thibos et al.,
1996).
Inspection of the data for individual subjects shown
in Fig. 5 conﬁrmed that detection acuity exceeded reso-
lution acuity for all 10 subjects for all ﬁve peripheral test
locations, with the possible exception of subject #6 for
test locations ±5. These results suggest that most, if
not all, of the peripheral resolution data from Experi-
ment 1 (Fig. 3) represent sampling-limited behavior.
Furthermore, foveal resolution appeared to be sampling
limited in several subjects, notably numbers 1, 3, 7 and
10. Three of these four individuals had foveal resolution
acuity that was well below average for their level of
refractive error (see Fig. 3). This suggests that these sub-
jects had abnormally low Nyquist frequencies foveally,
perhaps because of excessive retinal stretching but nor-
mal optical quality. If so, optical ﬁltering would have
failed to prevent aliasing in these individuals and there-
fore resolution would have been limited by neural sam-
pling. Results for all other subjects of Experiment 2 were
consistent with an optical limitation for their foveal res-
olution performance.4. Discussion
The aim of our study was to seek evidence of retinal
stretching that could explain reduced resolution in the
myopic eye. The link between retinal stretching and res-
olution is forged by the sampling theory of visual reso-
lution (Thibos, 1998). According to this theory, the
spectrum of visible spatial frequencies is partitioned into
two regions by the Nyquist frequency of the neural ar-
ray. Frequencies below the Nyquist limit are perceived
veridically, whereas frequencies above the Nyquist limit
are perceived as aliases of the stimulus. Thus perceptual
aliasing is visible proof that neural undersampling is
the limiting mechanism for spatial resolution (Thibos
et al., 1987b; Williams, 1985). Quantitative evidence
that detection acuity exceeds resolution acuity justi-
ﬁes the claim that resolution is sampling-limited and
therefore is a direct measure of neural sampling den-
sity (Coletta & Williams, 1987; Thibos et al., 1987a;
Thibos et al., 1987b). The evidence provided by control
Experiment 2 (Figs. 4 and 5) veriﬁed that resolution was
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Therefore we interpret our ﬁnding that resolution is low-
er (on average) in high myopes compared to low myopes
in Experiment 1 to mean that sampling density must be
declining as myopia progresses. The correlation between
sampling-limited resolution and magnitude of refractive
error revealed by Experiment 1 is clear evidence that the
sampling density of peripheral retinal neurons declines
as myopia progresses, which we take as evidence of reti-
nal stretching.
In theory, neural undersampling will occur at any
retinal location where the radius of neural receptive
ﬁelds is less than the spacing between neurons (Thibos
& Bradley, 1995). Provided optical limitations are
avoided, experimental demonstrations of perceptual ali-
asing for foveal and peripheral viewing of grating stim-
uli (Thibos et al., 1987b; Williams, 1985) proves that
neural undersampling is the mechanism that limits the
resolution of grating targets. To avoid optical limita-
tions when studying foveal vision typically requires the
use of an interferometric vision stimulator that generates
sinusoidal fringes directly on the retina. Luminance con-
trast of these fringes is not aﬀected by ocular aberrations
or by diﬀraction at the pupil. However, optical limita-
tions to peripheral resolution are easily avoided for con-
ventional stimuli simply by ensuring that the retinal
image is reasonably well focused. This relatively simple
technical requirement for eliciting aliasing in periph-
eral vision was our primary motivation for concentrat-
ing on the peripheral ﬁeld when searching for evidence
of neural stretching. However, we were surprised when
several subjects in Experiment 1 verbally reported alias-
ing for foveal targets. These observations were con-
ﬁrmed in Experiment 2 when 4 of the 10 subjects
demonstrated foveal aliasing for ordinary visual stimuli.
This implied that, at least in some eyes, the foveal Ny-
quist limit was less than the eyes optical bandwidth.
We could account for this result if retinal stretching
reduced the sampling density of the neural mosaic to a
level below the minimum requirement to receive protec-
tion from aliasing by the ﬁltering eﬀects of the eyes
optical system. This interpretation is consistent with
the fact that visual resolution for three of these sub-
jects was abnormally low and well below the regression
line for the full population (Fig. 3). Our experimental
design did not adjust pupil diameter to optimize reti-
nal image quality, so it is possible that more subjects
would have reported foveal aliasing had we tested
with undilated pupils, for which optical quality of the
retinal image should be higher (Howland & Howland,
1977).
The demonstration of foveal aliasing in some subjects
in Experiment 2 raises the issue of whether foveal alias-
ing might have been relatively common, but not noticed,
in our larger study population of Experiment 1. This is
an important question because the answer aﬀects ourinterpretation of the foveal data presented in Fig. 3.
The key issue is whether foveal resolution is limited by
ﬁltering or by undersampling. If undersampling is the
mechanism, then the foveal data in Fig. 3 could be inter-
preted as evidence of retinal stretching at the fovea.
However, if foveal resolution is limited by some combi-
nation of neural and optical ﬁltering, then we must ex-
plain why this ﬁltering limit appears to vary with the
degree of myopia. In the next section we attempt to re-
solve this key issue.
4.1. Is foveal resolution aﬀected by myopia?
A large body of literature indicates that resolution
acuity for foveal objects usually falls short of the neural
Nyquist frequency of the cone photoreceptor mosaic
(Anderson & Hess, 1990; Artal et al., 1995; Campbell
& Green, 1965; Thibos et al., 1996; Thibos et al.,
1987b; Wang et al., 1997a, 1997b; Wang et al., 1996;
Williams, 1985; Williams et al., 1996). For this reason,
it is widely believed that foveal resolution for ordinary
visual targets is limited by optical and neural ﬁlter-
ing mechanisms rather than by neural undersampling.
One important prediction of a ﬁltering model is that
resolution acuity should be equal to detection acuity
for foveal viewing of conventional grating stimuli. That
is, gratings should be resolvable if they are detectable
since the aliasing zone is absent. That prediction was
veriﬁed for foveal vision many years ago (Virsu &
Rovamo, 1979) and has been reconﬁrmed recently
(Barrett, Cox, Simmers, & Gray, 1997; Zlatkova,
Anderson, & Ennis, 2001). Since the optical parameters
of myopic eyes (e.g. corneal curvature, anterior chamber
depth, crystalline lens thickness) do not diﬀer statisti-
cally from emmetropic eyes (Bullimore et al., 1992) it
is understandable that the optical quality of eyes does
not depend on their degree of myopia (Cheng, Thibos,
& Bradley, 2003). So if optical quality is the primary
limiting factor for visual resolution, and if the optical
quality of eyes is independent of myopia, then it follows
that foveal resolution should be independent of the de-
gree of myopia.
At ﬁrst glance the hypothesis developed above seems
to be rejected not only by the literature reviewed in Sec-
tion 1 (which gives evidence that foveal acuity is lower in
myopic individuals) but also by our own results pre-
sented in Fig. 3. However, a valid test of this hypothesis
requires that we express resolution acuity in terms of the
spatial frequency of the actual stimulus to vision. For
practical reasons, most investigators and clinicians
measure visual acuity with a distant target that is fo-
cused on the subjects retina with aid of spectacle lenses.
In this case, the actual stimulus to vision of the corrected
eye is the virtual image of the physical stimulus created
by the spectacles, rather than the physical stimulus itself
(Applegate & Howland, 1993). Thus it is misleading in
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stimulus rather than its virtual image produced by the
correcting lens. As shown in Eq. (A3), for our experi-
mental conditions the spatial frequency of the virtual
stimulus is equal to the spatial frequency of the physical
stimulus divided by the spectacle magniﬁcation of the
correcting lens for that eye. Applying this correction fac-
tor (which was diﬀerent for every eye) to our foveal data
from Fig. 3 yielded the results shown in Fig. 6. These
corrected data indicate a much weaker tendency for acu-
ity to be lower in subjects with larger amounts of myo-
pia. In fact, linear regression of these data accounts
for only 6% of inter-subject variability and the regres-
sion slope is not signiﬁcantly diﬀerent from zero (F-
test, p = 0.05). Thus, based on these data, we are
unable to reject the null hypothesis that foveal resolu-
tion acuity is independent of the degree of myopia. In-
stead, we interpret the apparent loss of foveal acuity
reported in Fig. 3 as an artifact of spectacle magniﬁ-
cation. Consequently, there is no need to invoke a fur-
ther mechanism of neural undersampling caused by
retinal stretching to explain our results for foveal
vision in the larger population that participated in
Experiment 1.
4.2. Evidence of retinal stretching
Unlike foveal vision, the tendency for resolution acu-
ity to decline as the degree of myopia increases in
peripheral retina is statistically signiﬁcant even when
the data of Fig. 3 are corrected for spectacle magniﬁca-
tion. We know that the mechanism responsible for this
tendency is neural undersampling, rather than opticalFig. 6. Foveal data from Fig. 3, replotted as the spatial frequency of
the virtual stimulus to vision. Spatial frequency of the virtual stimulus
is equal to the spatial frequency of the physical stimulus divided by the
spectacle magniﬁcation of the correcting lens for that eye (see
Appendix A).or neural ﬁltering, for two reasons. First, subjective re-
ports of perceptual aliasing for stimuli with spatial fre-
quencies beyond the resolution limit indicated that the
ambiguity of aliasing, not loss of perceived contrast, is
the root cause of the failure to perform the resolution
task (Thibos et al., 1996). Second, detection acuity was
much greater than resolution acuity for all subjects at
all peripheral test locations, which (as far as we are
aware) can only be explained by the neural undersam-
pling hypothesis. Thus the evidence points to a reduc-
tion in neural sampling density as the basis for loss of
peripheral resolution acuity in myopia.
The idea that retinal stretching due to myopia should
reduce visual acuity is not new (Bradley et al., 1983;
Strang et al., 1998; Troilo, Xiong, Crowley, & Finlay,
1996) but our results provide the ﬁrst psychophysical
evidence in support of this hypothesis. However, many
prior studies have documented the global expansion of
the myopic eye that necessarily implies an increase in
scleral surface area and presumably an increase in reti-
nal surface area as well. For example, several studies
have indicated that elongation of the vitreous chamber
is the primary cause of myopia (Grosvenor & Scott,
1993, 1994; McBrien & Millodot, 1987). Reports of A-
scan ultrasonography indicate that axial length is con-
siderably greater than equatorial diameter in highly
myopic eyes (mean refractive error = 12.9D) (Meyer-
Schwickerath & Gerke, 1984). This indicates that highly
myopic eyes have a prolate shape with increased surface
area. Ocular dimensions have also been measured with
magnetic resonance imaging (MRI) (Chau, Fung, Pak,
& Yap, 2004; Cheng, 1991; Cheng et al., 1992). Those
results suggested that myopic eyes undergo global
expansion with a larger eyeball volume than that of
hyperopic and emmetropic eyes. This conclusion has
been conﬁrmed recently by Atchison et al. (2004) who
report MRI evidence that myopic eyes elongate more
in the axial dimension than in the equatorial dimension
as they grow (Atchison et al., 2004).
Developmental studies have shown that the popula-
tion of retinal ganglion cells is at its maximum shortly
after midgestation (La Vail, Rapaport, & Rakic, 1991).
Thereafter a massive drop in ganglion cell number re-
sults in a 56% loss of ganglion cells in Rhesus monkey
and 71% in human (Provis & Penfold, 1988). Conse-
quently, the total number of ganglion cells present at
birth can only decline as the individual ages and the
eye grows. Since the same number of ganglion cells must
cover a larger surface area, cell density must decline and
therefore the Nyquist frequency must decline. Direct
evidence of this decline in cell density for dopaminergic
amacrine cells (Teakle, Wildsoet, & Vaney, 1993) and
for retinal ganglion cells (Troilo et al., 1996) has been re-
ported in animal models of myopia. However, we do not
know whether this inevitable reduction in neural sam-
pling density occurs at the same rate everywhere across
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retinal tissue expands uniformly to cover the enlarged
surface area of a myopic globe. Such a model makes
testable predictions that we evaluate in the next section.
4.3. A model of retinal stretching
A model of axial myopia under the conditions of our
experiments is presented in Fig. 7. The diagram traces
four rays corresponding to object points located at 0,
5, 10, and 15 of eccentricity. In our experimental de-
sign the rays pass through the anterior focal point of the
eye and therefore they are parallel within the eye (see
Fig. A2). These four rays strike the retina at points o,
a, b, and c, respectively in an emmetropic eye. Subse-
quent growth of the eye results in axial myopia and a
redistribution of the retinal points as the globe expands.
The key issue for retinal stretching and its functional
consequences is to identify corresponding retinal points
before and after expansion. For the sake of argument,
suppose that 100 retinal neurons spanned the space be-
tween points a and b and that this retinal distance
was 1mm in the emmetropic eye. The linear sampling
density would therefore be 100samples/mm and the reti-
nal Nyquist frequency would be 50cyc/mm. Next sup-
pose that the eye grows to become myopic and the
same 100 neurons must now span the larger space be-
tween points a* and b*. According to the experimental
data in Fig. 3, K2 = 15D of myopia doubles the spacing
between neurons of the peripheral retina, thereby
halving their linear sampling density and halving resolu-
tion acuity.
This experimental value of parameter K2 constrains
the geometry of the expanding globe assuming, of
course, that the population data of Fig. 3 are indicative
of the growth of individual eyes. Extrapolation of the
regression line in Fig. 2 indicates that 15D of myopia
would require the axial length of the eye to increase
from 23.6mm (the emmetropic value) to 30.4mm. If aFig. 7. A model of axial myopia when Knapps Law applies. Ray
traces for objects at various eccenctricities intersect the retina at points
o, a, b, and c, respectively in an emmetropic eye. Subsequent growth of
the eye results in axial myopia and a redistribution of the retinal points
to locations o*, a*, b*, and c*.spherical eye expanded uniformly as it grows, then this
1.29-fold increase in diameter would increase the cir-
cumference of the globe by the same factor. Thus the
spacing between neighboring cells would increase by
the factor 1.29, which is a good deal less than the 2-fold
increase required by our psychophysical data. In fact, to
double the circumference requires that the diameter
double, which would have created K2 = 33D of refrac-
tive error, not 15D. Thus we can reject this simple model
of spherical expansion of the retina because it does not
provide enough retinal stretching to account for the
measured reduction of acuity. Instead, the data point
to a non-uniform expansion of the globe that stretches
the posterior segment more than would be expected
from the gross increase of eye size. In order to account
for our results, the center of expansion for the parafo-
veal and near peripheral region must be located poste-
rior to the geometric center of the globe, as shown by
the dashed lines connecting corresponding retinal point
in Fig. 7. Thus a testable prediction for future research is
that K2 for sampling-limited resolution of laser interfer-
ence fringes (Williams, 1985) will be much larger in the
far peripheral retina than it is centrally. Our ﬁnding of
a relatively large K2 foveally (Fig. 3) should not be con-
strued as evidence against this hypothesis because most
of our subjects did not demonstrate sampling-limited
behavior for foveal stimuli. A hybrid hypothesis also
worthy of future investigation is that the decline in acu-
ity is due to a combination of retinal stretching and a
concomitant loss of retinal ganglion cells that further re-
duces the neural sampling limit.
In summary, our results provide evidence that
stretching of the retina is a primary cause of reduced res-
olution in the peripheral ﬁeld of the myopic eye. Since
the experimental value of K2 was the same for all
peripheral test locations, we conclude that retinal
stretching is uniform over the perifoveal region within
±15 of eccentricity. The fovea may expand at the same
rate, but this expansion was not evident in our experi-
ments because foveal resolution in most eyes is optically
limited, not sampling limited. Globally, however, a reti-
nal expansion model must be non-uniform because the
amount of stretching required to account for our results
predicts a much larger axial elongation than was ob-
served. Alternatively, a combination of moderate global
stretching accompanied by ganglion cell death could
also account for our results.Acknowledgments
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A.1. Spectacle magniﬁcation
The visual stimulus was N cycles of a sinusoidal grat-
ing displayed on a computer monitor located at distance
l from the subjects eye as illustrated in Fig. A1. Refrac-
tive error was corrected by a spectacle lens of power K
located at a distance d from the ﬁrst principal plane of
the eye. The linear extent h of the object subtends the an-
gle h = h/(l + d) at this principal plane. Refraction by the
spectacle lens creates a virtual image of height h 0 located
at the distance l 0 from the lens. From the geometry of
Fig. A1, the linear magniﬁcation of the object is
Linear magnification ¼ h
0
h
¼ l
0
l
¼ 1
lK þ 1 ðA1Þ
The virtual image formed by the spectacle lens be-
comes a virtual object that is the stimulus for vision.
The angular subtense h 0 of this virtual object is given
by the product hM, where M is given by the formula
Angular magnification ¼ M ¼ h
0
h
¼ h
0=ðd þ l0Þ
h=ðd þ lÞ
¼ d þ l
d þ lþ dlK ðA2Þ
derived from Eq. (1) and the geometry of Fig. A1. By
convention, d and l are negative quantities in Fig. A1
and since K is also negative for myopic corrections,
angular magniﬁcation is less than 1. For example, for
object distance l = 5m, refractive error K = 10D,
spectacle distance d = 13.5mm we ﬁnd angular magni-
ﬁcation = 0.88. If N cycles of grating displayed on theFig. A1. Spectacle magniﬁcation of a physical object (closed arrow)
consisting of a visual target displayed on a computer monitor. A lens
of power K corrects the eyes myopia by casting a virtual image (open
arrow) of the object at the eyes far point. Optical ray tracing locates
the axial position and size of the virtual image, which may be
considered a virtual object that is the stimulus for vision. The real
object subtends angle h at the ﬁrst principal plane (P) of the eye, but
the virtual object subtends a smaller angle h 0. This angular spectacle
magniﬁcation is speciﬁed in Eq. (A2) and the spatial frequency of the
virtual target h 0 relative to the frequency of the physical target h is
given in Eq. (A3).monitor subtend h degrees, then the virtual image will
contain N cycles that subtend h 0 = 0.88h degrees. Thus
the angular spatial frequency of the virtual object is re-
lated to the spatial frequency of the real object displayed
on the computer monitor by the formula:
Virtual object frequency
¼Monitor frequency=Angular magnification ðA3Þ
For the example given above, a 40cyc/deg grating
presented on the computer monitor is in fact a
45.4cyc/deg stimulus to the corrected myopic eye.
A.2. Retinal spatial frequency
Formation of the retinal image is illustrated in Fig.
A2 for a paraxial optical model of the eye. Two cases
are compared in the same diagram. The ﬁlled arrows
represent the imaging of an object located at the far
point of an eye that is slightly myopic. The source of
myopia is assumed to be axial elongation of the eye,
which explains why the retinal image lies posterior to
the second focal point f 0. The open arrows represent
the imaging of an object located at the far point of an
eye that has a greater amount of axial myopia. In our
experiments, the visual object represented by the open
arrow is the virtual image of a distant target produced
by a spectacle lens as indicated in Fig. A1. The spectacle
lens is not shown in Fig. A2 because its eﬀect was taken
into account when determining the virtual object h 0.
Retinal magniﬁcation factor (RMF) is deﬁned as the
ratio of the linear extent of a retinal image to the angu-
lar extent of the object. In eﬀect, the retinal magniﬁca-
tion factor (RMF) speciﬁes how many millimeters on
the retinal surface correspond to 1 of visual angle in ob-
ject space. Two diﬀerent RMFs can be identiﬁed in Fig.
A2, one for the physical object and the other for theFig. A2. Retinal magniﬁcation of a real object (ﬁlled arrow) located at
the far point of a slightly myopic eye compared with magniﬁcation of
the virtual image (open arrow) of that object located at the far point of
a highly myopic eye. The correcting lens (not shown) is located at the
anterior focal plane of the eye and therefore the two retinal images
have the same linear extent. Therefore, the retinal magniﬁcation factor
y/h 0 for the virtual object is greater than the magniﬁcation y/h for the
real target. However, this increased angular magniﬁcation is oﬀset by
the decreased angular subtense of the object (see Fig. 1A). The net
result is that retinal image size in the corrected eye is independent of
the degree of myopia, which is Knapps Law.
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is independent of the degree of myopia because the
angular subtense h of the real object is ﬁxed and the reti-
nal image height y is the same for all locations of the ret-
ina, as shown by ray tracing. To the contrary, the value
of RMF for the virtual object increases with the amount
of myopia because the angular subtense h 0 of the virtual
object decreases in proportion to spectacle magniﬁca-
tion and therefore y/h 0 > y/h. This change in retinal mag-
niﬁcation factor quantiﬁes the fact that objects located
at the far point of a myopic eye are magniﬁed more than
objects located in the far point of an emmetropic eye.
Thus, one way to think of Knapps Law is that the re-
duced size of the virtual object produced by a spectacle
lens is cancelled by the increased magniﬁcation of the
retinal image by the eye. The net result is that retinal im-
age size is independent of the degree of myopia, pro-
vided the myopic correcting lens is located in the
anterior focal plane of the eye.
To obtain an explicit formula for retinal spatial fre-
quency, suppose that the object represented by the ﬁlled
arrow in Fig. A2 is N cycles of grating subtending h de-
grees on a computer monitor. The linear extent of the
retinal image of this object is y, so RMF = y/h. Thus
retinal spatial frequency may be computed as the ratio
of the spatial frequency of the physical object to the reti-
nal magniﬁcation factor for physical objects,
Retinal spatial frequency ¼ N
y
¼ N=h
y=h
¼ Spatial frequency of real object
Retinal magnification factor for real object
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